3.40 ± 0.09 in slow-wave, -4.00 ± 0.18 in REM sleep and -2.26 ± 0.12 in wakefulness 2 2 9 (mean ± SEM) mirroring our observation of the overall slope differences ( spectral slope is able to discern arousal even during slow wave events. To test if the state-dependent modulation of the spectral slope was sleep-specific or generalized to other forms of decreased arousal, we analyzed two datasets obtained spectral slope again closely tracked changes in arousal level (Fig. 2a) . In both scalp and 2 3 8 intracranial EEG, we observed a more negative spectral slope under anesthesia (mean ± SEM); Right -Spectral slope. Wakefulness (red), anesthesia (blue) and grand (red), anesthesia (blue) and grand average (black; mean ± SEM). Paired t-test: *** p < 2 5 9 0.001. In the intracranial recordings (Study 4, n = 12), we observed a spectral slope of 2 6 2 -2.75 ± 0.15 during wakefulness and -4.34 ± 0.11 under anesthesia. Again, this 2 6 3 difference was significant (paired t-test: p < 0.0001, t 11 = 9.93, d Wake-Anesthesia = 3.57) and Patients who were implanted with surface grid in addition to depth electrodes (n = 4) showed the same pattern: The spectral slope decreased from wakefulness to 1 3
These findings demonstrate that the spectral slope reliably differentiates between 2 6 9 wakefulness and general anesthesia in humans (22) . Future studies will be needed to 2 7 0 determine the reliability of this marker on larger cohorts to establish clinical usability. In 2 7 1 both scalp and intracranial recordings, we observed a brain-wide decrease in the 2 7 2 spectral slope, supporting the notion that propofol anesthesia induces a global brain-
wide state of increased inhibition(8). Collectively, the results from these four studies provide five main advances. First, 2 7 8 the spectral slope tracks changes in arousal levels in both sleep and anesthesia with 2 7 9 high temporal precision from sub-second epochs to full night recordings. Note that the 2 8 0 slope differences between wakefulness and states of reduced arousal show a similar 2 8 1 pattern on the scalp level (Fig. 1b, 2b ). consciousness are decreased in slow-wave sleep and GABAergic anesthesia but are 2 9 3 maintained to a certain degree during REM sleep and ketamine anesthesia, both states 2 9 4 associated with vivid dreams(37-39). These measures are unable -unlike the spectral slope -to reliably differentiate arousal levels, e.g. wakefulness and REM. Previous anesthesia, namely fronto-parietal theta and high-gamma connectivity (39, 40) . In several control analyses we found that the spectral slope was superior to fronto-parietal to the high-gamma band since this is an infrequent site for epilepsy. results in a decrease of slope (11, 22) . Our results of a decreased slope in slow-wave that reported a reduction of multiunit or pyramidal cell activity during not only in slow- slope than slow-wave sleep (Fig. S11 ). This result is in line with previous studies lines of research converge on the notion that the spectral slope tracks the E/I balance of 3 1 8 the underlying population, it might also reflect changes in firing rate or synchronization. A testable hypothesis that arises from our observations is that cell-type specific causal Previous studies utilized a variety of different fit parameters and it is currently activity (9, 14, 16, 17) . Our results that demonstrate that the range from 30-45 Hz best single neuron recordings will be needed to unravel the precise relationship between 3 2 9 population firing statistics and band-limited changes in the PSD slope. We believe that combined with modeling work has the potential to integrate divergent findings into a 3 3 2 coherent framework and to determine the neurophysiologic basis of the spectral slope. It will be of substantial interest to assess whether neurophysiological mechanisms are preserved across species, which greatly vary in anatomy, in particular in the prefrontal Third, the rapid changes in spectral slope observed over the course of a slow
wave are in accordance with the notion that these oscillations orchestrate cortical activity(41). This suggests that E/I balance and arousal level during slow wave sleep are 3 4 0 not constant but wax and wane on a short time scale -whereas they seem to be more Comput Biol 5(12):e1000609. We collected four independent datasets for this study to assess the anesthesia. We recorded either non-invasive scalp electroencephalography (EEG) or and digitized at 400 Hz (0.1 to 100 Hz)(26, 27, 52, 53). Sleep staging was carried out by 4 9 5 trained personnel and according to the newest guidelines(54). collection. They were between 22 and 55 years old (33.1 ± 11.5 years; mean ± SD). referencing was placed at CP1. Three patients were not recorded for the planned entire before recovery(55). All patients received a premedication with 3.75 to 7.5 mg midazolam analgesia. Prior to start of anesthesia all patients received an infusion of Ringer's- were pre-oxygenated with 100 % oxygen and received the non-depolarizing muscle intubation the inspiratory oxygen fraction was reduced to 40 %; nitric oxide was not 5 6 2 used. were discarded or interpolated. On average, the participants had 5748.9 ± 10.01 of 5 6 9 these five second epochs and 946.95 ± 542.68 of them were rejected (16.44 ± 2.98 %).
The data from the healthy sleep participants has been published before and was
cleaned in a comparable approach (26, 27, 52, 53) . For further analysis in MATLAB (MATLAB Release R2017b, The MathWorks, Inc., Natick, Massachusetts, United
States) the data was then imported into FieldTrip(57). analysis. Anatomical localization was carried out by fusing pre-implantation T1-weighted averaged across all channels between hypnogram and slope (magenta), EMG slope (cyan) and the slope hypnogram -EMG slope is significantly different (paired t-test: p = 0.0059, t 19 = 3.10). Furthermore, we discrimination. We found that the spectral slope performed significantly better at distinguishing all three states (t = 4.19, p < 0.001, d = 1.24; slope: 58.09 ± 2.35%, EMG slope: 46.03 ± 2.12%; chance 33%). Likewise, the slope was better at discriminating only WAKE and REM (t = 3.03, p = 0.008, d = 0.89; slope:
76.32 ± 3.61%, EMG slope: 64.89 ± 2.24%; chance 50%). REM sleep (n = 10).
a, Left -coronal, right -axial view of electrodes that followed observed EEG pattern with a more negative
slope for NREM 3 sleep than for waking (magenta). Electrodes that did not show the pattern are depicted pattern with a more negative slope for REM sleep than for waking (magenta). Electrodes that did not
show the pattern are depicted in white. Right (R), left (L). a, All grid and strip contacts of 3 patients plotted on MNI brain. Electrodes that followed the pattern of 3 patients plotted on MNI brain. Electrodes that followed the pattern of more negative slope in REM sleep that followed the pattern of more negative slope under anesthesia than in waking are colored in purple to dorsal (D). Hz with SEM in intracranial data during sleep (blue; n = 10). Red dotted line for p value of 0.05. Black frequencies. Note that a z = 1.96 reflects an uncorrected two-tailed p-value of 0.05, while a z-score of 8 5 5
>2.8 indicates a Bonferroni-corrected significant p-value (p < 0.05 / 19 channels = 0.0026). Power spectra in log-log space within specified time windows during the slow wave: -750 to -250 (center: power decrease during the through of the slow wave (yellow). slow wave events on the group level (n = 20; averaged across all 19 EEG electrodes) in wakefulness 8 7 7
(red), N3 (blue) and REM sleep (green). Mean ± SEM in black. Paired t-test: *** p< 0.001. 
